The survival benefit with adjuvant chemotherapy for patients with resected stage II-III non-smallcell lung cancer (NSCLC) is modest. Efforts to develop prognostic or predictive biomarkers in these patients have not yielded clinically useful tests. We report findings from the Lung Adjuvant Cisplatin Evaluation (LACE)-Bio-II study, in which we analyzed next-generation sequencing and long-term outcomes data from . 900 patients with early-stage NSCLC treated prospectively in adjuvant landmark clinical trials. We used a targeted gene panel to assess the prognostic and predictive effect of mutations in individual genes, DNA repair pathways, and tumor mutation burden (TMB).
INTRODUCTION
Adjuvant chemotherapy in selected patients with resected stage IB non-small-cell lung cancer (NSCLC) and all patients with resected stages II and IIIA NSCLC is currently considered the standard of care and associated with an approximately 5% survival benefit at 5 years. 1 Clinically useful prognostic and/or predictive biomarkers that can consistently identify patients most likely to benefit from adjuvant chemotherapy are yet to be developed. The Lung Adjuvant Cisplatin Evaluation (LACE)-Bio consortium includes investigators from the pivotal International Adjuvant Lung Trial, Cancer and Leukemia Group B-9633, National Cancer Institute of Canada Clinical Trials Group JBR.10, and Adjuvant Navelbine International Trialist Association (ANITA) trials, which have established the role of adjuvant chemotherapy in current-day clinical practice. [1] [2] [3] [4] [5] Archival tissue specimens (ie, formalin fixed, paraffin embedded [FFPE] ) collected from consenting patients enrolled in these trials by the consortium provide a valuable opportunity for developing prognostic and predictive biomarkers that could potentially inform clinical decisionmaking. [6] [7] [8] [9] [10] The objective of LACE-Bio-II (LB2) was to comprehensively evaluate the prognostic value of copy number alterations and somatic mutations in resected NSCLC, and their predictive effect in guiding adjuvant therapy. Apart from serving as a valuable resource that can aid biomarker development, the comprehensive molecular characterization of patient samples from the LB2 trials using targeted next-generation sequencing has the potential to offer insights into the genomic underpinnings of NSCLC. We report here findings from targeted sequencing of 908 samples from the LB2 trials using a panel of 1,538 genes selected on the basis of The Cancer Genome Atlas (TCGA) Pan-Cancer analysis.
11 Samples collected from patients enrolled in the ANITA trial were not included in these analyses, because the tissue from these samples was exhausted. Using these data, we explored the role of alterations in individual genes, various DNA repair pathways, type of TP53 mutation, intratumor heterogeneity, and nonsynonymous tumor mutation burden (TMB) in prognostication and predicting benefit from adjuvant chemotherapy. The prognostic and predictive effect of the presence of tumor infiltrating lymphocytes (TILs) and PDL1 expression, as measured by immunohistochemistry, was previously explored for LB2 samples, and these data were also incorporated into our analyses. 8, 9 METHODS A total of 908 FFPE, resected lung cancer tumor specimens were sequenced on a targeted panel consisting of 1,538 genes. This gene set is larger than that typically assayed by currently available commercial assays, because genes frequently mutated across a wide variety of cancers sequenced by TCGA and implicated in lung cancer pathogenesis were included in our panel, regardless of their clinical actionability.
11 Sequencing was performed using SeqCap custom capture probes (Roche NimbleGen, Madison, WI), designed for a curated set of putative cancer causing genes. Dual-indexed Illumina libraries (San Diego, CA) were combined in pools of 96 samples and were captured using the manufacturer's protocol. Most (98.8%) of the targeted sequence was successfully covered, leading to a total coverage area of 4.88 Mb. The capture product was run on two lanes of the Illumina HiSeq 2000. A total of 908 samples passed a quality control cutoff threshold of 70% of the targets covered to a minimum depth of 203. These included 414 squamous cell carcinoma (LUSC) and 375 lung adenocarcinoma (LUAD) samples. Given the lack of a matched normal to distinguish somatic from germline variants, single-nucleotide variants (SNVs) with a global minor allele frequency of . 1% in the exomes of the 1000 Genomes Project or National Heart, Lung, and Blood Institute, and those observed in five or more of the nearly 900 normal samples procured from patients with breast cancer, were considered germline and excluded from analysis. In addition, data from phase 3 of the 1000 Genomes Project, and The Exome Aggregation Consortium, consisting of data from 60,706 individuals from different populations, were also used for filtering germline variants from this data set (Data Supplement). The variant allelic frequency (VAF) cutoff for SNVs present in these data sets was set to a maximum of 0.0001%. To strike a balance between stringent filtering of putative germline mutations and sensitivity to detect potentially legitimate somatic variants, any discarded variant that was observed in TCGA LUAD and LUSC data sets was restored. Insertions and deletions (indels) were subjected to the same filtration steps as SNVs in both the initial pipeline and the downstream analysis. Given that indels present a greater challenge for accurate detection in comparison with SNVs, we also performed manual review on the most frequently occurring indels to eliminate common artifacts. A detailed description of methods used for variant calling, analyses, and filtering steps is available in the Data Supplement.
According to the predefined statistical analysis plan, the primary end point was disease-free survival (DFS), defined as the time from randomization to first recurrence (locoregional or distant) or death from any cause. Secondary end points were overall survival (OS), defined as the time from randomization to death from any cause, and lung cancer-specific survival (LCSS), defined as the time from randomization to death as a result of lung cancer. Because the functional consequence of synonymous mutations is uncertain, only nonsynonymous mutations were included in our analyses. Missense, nonsense, splice-site, and frameshift mutations were considered nonsynonymous. Genes altered by nonsynonymous mutations in , 20 samples were discarded from gene-specific prognostic analyses.
The presence of mutations in given genes was correlated to survival end points via Cox models stratified by trial and adjusted for treatment arm, patient age, sex, performance status, histology, and Tand N stage. The relative hazard for a patient with at least one mutation in a gene as compared with none was expressed using hazard ratios. To evaluate the predictive role of mutations in a gene, a treatment-by-gene interaction was added to the Cox regression model stratified by study. P values were corrected to control for the false-discovery rate by computing q values.
12
Alterations in the TP53 gene were also studied by considering disruptive and nondisruptive mutations separately (Data Supplement), on the basis of previous data that have shown this categorization to be prognostically important in lung and other cancers. 13, 14 In preplanned sensitivity analyses, we repeated these analyses in the histologic types: LUAD and LUSC. The frequencies of the mutations were compared between histologic subtypes using x 2 tests. To study the possible prognostic and predictive roles of mutations in various pathways, we used similar Cox models for (1) the presence versus absence of any mutation in a given pathway, and (2) the number of mutations in that pathway. These models were again adjusted for aforementioned clinicopathological factors and stratified by trial.
The association between TILs and TMB was assessed using a logistic model for TILs using TMB as the covariate. Likelihood-ratio tests were used to compare the models (adjusted for clinical variables) with versus without TMB. The prognostic and predictive roles of TMB and mutant allele tumor heterogeneity (MATH) score were assessed in Cox models, with TMB and MATH scores categorized into three groups according to tertiles. 15 The estimated hazard ratios expressed the relative risk for low versus moderate and high versus moderate categories. To relax the assumption of linear effect and flexibly allow for nonlinear effects, we also modeled the effect of these risk factors using splines with three degrees of freedom (Data Supplement). Representativity analysis was performed to ensure the findings from the current analysis were applicable to all patients enrolled to the LACE-Bio trials, and no significant differences in DFS, OS, or LCSS were observed between patients with and without mutation data (Data Supplement).
(Data Supplement). After excluding samples with tissue quantity or quality that was inadequate for sequencing, samples from 908 patients were sequenced on a targeted panel of 1,538 genes; 27% of the samples were obtained from female patients ( Table 1 ). The median age at diagnosis was 60 years (range, 27 to 81 years). The majority of patients had stage II disease (n = 676; 75%), 12.5% had stage I disease (n = 114), and 12.5% had stage III/IV disease (n = 114). Smoking history was available for patients enrolled in only two of three LB2 trials.
Mutation Burden, Signatures, and Frequently Mutated Genes
The mean depth of coverage across the 1,538 genes composing the sequence space was approximately 553. The prevalence of C.T transitions was much higher in the LB2 cohort when compared with the previously published TCGA cohort, which was enriched for tobacco smoking-associated C.A transversions. Most C.T transitions were associated with a low VAF, suggesting that this mutational pattern was an artifact related to formalin fixation and specimen age (median, 16 years; range, 11 to 20 years). 16 After applying additional filtering to exclude C.T transitions with a low VAF, the median nonsynonymous TMB was 5.7/Mb (range, 0.19 to 225/Mb; interquartile range, 3.2 to 9.7/Mb; Data Supplement). Missense variations (38%) were the most frequent mutation category. Other nonsynonymous mutations occurred at a lower rate, including nonsense (3.5%) and splice-site (4%) variations.
Trinucleotide mutation context of synonymous and nonsynonymous mutations was used to determine the predominant mutational signatures. This analysis showed enrichment for tobacco smoking (cosine similarity, 0.91), APOBEC-driven mutagenesis (cosine similarity, 0.75), and age-related spontaneous deamination mutation signatures (cosine similarity, 0.73; Data Supplement). We also identified the list of genes that were significantly mutated in the TCGA LUAD and LUSC data sets and compared the frequencies at which they were mutated in TCGA and LB2 samples. These frequencies were mostly comparable (paired Wilcoxon signed-rank test for LUAD, P = .706; for LUSC, P = .426; Fig 1; Data Supplement). 17 Within LB2 samples, the genes most differentially mutated between LUAD and LUSC were KRAS (19% v 2%), TP53 (44% v 69%), and STK11 (21% v 2%; q , 0.005; Data Supplement). Mutations in receptor tyrosine kinase/RAS signaling were identifiable in nearly 70% (n = 265) of LUAD samples (Fig 2) . Among LUAD samples, KRAS was the most frequently mutated oncogene (19%; n = 72). As expected, activating mutations in KRAS, HRAS, NRAS, and EGFR were found in , 3% of LUSC samples. One LUSC sample in the LB2 cohort demonstrated a targetable L858R mutation in EGFR.
Prognostic and Predictive Analyses
Nonsynonymous mutations were identified in 1,515 of 1,538 genes in 908 LB2 specimens. Nonsynonymous TMB was estimated for all sequenced samples and analyses were performed to determine the effect of TMB on prognosis. Given that the TMB for LB2 samples was estimated using only a panel of 1,538 genes and nonsynonymous mutations, we assessed the ability of TMB calculated using this restricted gene panel to serve as a surrogate for TMB estimated through whole-exome sequencing. To this end, we used TCGA data to examine the correlation between the number of nonsynonymous mutations involving LB2 panel genes and mutations across the whole exome. We limited our results to 1,214 LB2 genes that could be mapped back to the TCGA data set, including all key oncogenes. Our analysis indicated a significant correlation between these parameters (R 2 = 0.96; P , .001; Data Supplement).
The nonsynonymous TMB was significantly prognostic for DFS, OS, and LCSS (Table 2) . When tumors from all histologies were categorized into tertiles (low, # 4 mutations/Mb; intermediate, . 4 and # 8 mutations/Mb; high, . 8 mutations/ Mb) on the basis of mutational burden, tumors with a high nonsynonymous TMB had favorable outcomes, whereas tumors with a low nonsynonymous TMB were associated with poor outcomes (DFS, OS, and LCSS P for trend = .007, .016, and .001, respectively). For DFS, the hazard ratio for patients with a TMB in the lower tertile was 1.2 (95% CI, 0.97 to 1.5) relative to the moderate category, whereas it was 0.88 (95% CI, 0.70 to 1.1) for patients with a high TMB. Nonsynonymous TMB was also significantly prognostic for LCSS in LUAD (P = .04) and LCSS and DFS in LUSC (P = .034 and .042, respectively), when these histologies were independently analyzed ( Table 2) . Exploratory analyses suggested that nonsynonymous TMB might have a significant predictive effect on LCSS, when a flexible (ie, splines) model was used (P = .023; Table 2 , Fig 3) , but not for DFS (P = .06) or OS (P = .33). The spline model allowed us to model the effect of nonsynonymous TMB on outcomes in a flexible manner, without assuming a linear effect between these variables (Data Supplement). 18 This effect was significant for samples from all histologies, but not when LUAD and LUSC samples were independently analyzed (Table 2) . This model seemeded to suggest that the beneficial effect of adjuvant chemotherapy on LCSS was most pronounced in samples with lower nonsynonymous TMBs and decreased as nonsynonymous TMB increased. However, this effect may be driven by the small size of samples with high nonsynonymous TMB (Data Supplement) and the linear test for trend was not significant when samples were regrouped by tertiles of TMB (P = .357; Table 2 ).
No significant prognostic or predictive association was observed between tumor MATH scores and outcomes among LB2 samples ( Table 2 ). Hypothesizing that nonsynonymous TMB would serve as a marker of neo-epitope burden and antitumor immune response, we estimated the intensity of TILs in the biopsy specimens as described in our previous study, to determine if it correlated with the nonsynonymous TMB and MATH scores. 8 The intensity of TILs, however, did not correlate with the nonsynonymous TMB or MATH scores at a statistically significant level (Data Supplement). In addition, 805 of 908 tumor samples were categorized on the basis of PDL1 expression scores in tumor and stroma using cutoff values of , 1%, , 25%, and , 50%, and , 1%, , 10%, , 25%, respectively, using the E1L3N antibody. 9 High nonsynonymous TMB or MATH score did not correlate with PDL1 expression, although we found that stromal PDL1 expression correlated with intense TIL infiltration (Data Supplement).
As determined in the statistical analyses plan, 845 of 1,515 genes with nonsynonymous mutations were excluded from prognostic and predictive analyses, because they were mutated in , 20 specimens (Data Supplement). Although our analyses showed mutations in a few individual genes to be prognostic and predictive for outcomes, the q values for these associations were high, limiting our ability to interpret the role of these alterations as biomarkers (Data Supplement). A total of 571 (60%) samples showed nonsynonymous TP53 mutations. The presence of TP53 mutations, either disruptive or nondisruptive, was neither prognostic nor predictive (Table 2) . Mutations in DNA repair, antigen presentation and processing, and developmental pathways such as WNT signaling possibly play an important role in determining prognosis and response to therapy in patients with cancers.
19-23 As a result, LB2 samples were categorized on the basis of presence or absence of nonsynonymous alterations in genes participating in these pathways jco.org (Data Supplement). However, the presence of mutations in any of these pathways was neither prognostic nor predictive of chemotherapy benefit (Data Supplement).
DISCUSSION
Although cytotoxic chemotherapy improves outcomes in patients with resected NSCLC, the magnitude of this benefit is modest at best. 1 The availability of targeted sequencing and associated longterm outcomes data for tumor specimens obtained from nearly 900 patients clearly makes LB2 a valuable resource for development of prognostic and predictive biomarkers in early-stage NSCLC. Results from this analysis showed high nonsynonymous TMB to be significantly associated with a favorable prognosis. In addition, in line with this observation, our results suggest a role for low nonsynonymous TMB in predicting for LCSS benefit with adjuvant chemotherapy. Nevertheless, this result should be interpreted with caution because it is likely driven by few samples with extremely high TMB and the linear tests for trend did not suggest significantly different effects when samples were regrouped by tertiles of TMB. Although this predictive effect was not significant for OS and DFS, LCSS may be a more meaningful end point to assess the efficacy of adjuvant chemotherapy in this cohort of patients who have a high risk of dying from competing causes. [24] [25] [26] These results are supported by findings from other cancers. A prognostic and predictive role for mismatch repair deficiency, which is associated with high TMBs, has been well described in patients with colon cancer. 27, 28 In patients with resected stage II colon cancer, mismatch repair deficiency, is utilized as a biomarker that is prognostic for outcomes and predictive for lack of benefit from adjuvant chemotherapy.
28,29
Lung cancer is characterized by a high TMB because of its association with smoking. Given that some mutations can result in the production of neo-epitopes, TMB in lung cancer is a predictor of response to immunotherapies. 30 McGranahan et al 31 observed an association between longer OS and high neo-epitope burden in patients with early-stage LUADs. Similarly, in a previous analysis using LB2 samples, intense TIL infiltration was associated with favorable outcomes. 8 These data suggest that the prognostic effect of nonsynonymous TMB in lung cancer may, in part, be mediated by its role in shaping tumor-host immune interactions. Apart from high TMBs, lung cancers also show marked chromosomal instability. Preliminary findings from the TRACERx (Tracking Cancer Evolution Through Therapy) prospective analysis, which characterized the evolutionary patterns of NSCLC in 100 patients through whole-exome sequencing, showed that a high fraction of subclonal copy number alterations was associated with a short relapse-free survival in patients undergoing resection. 32 Taken together, these results suggest that quantifying genomic instability at the nucleotide and/or chromosomal level is likely to prove useful in prognosticating disease outcome for patients with lung cancer and guiding treatment in the near future. These findings also emphasize a role for nonsynonymous TMB as a potential stratification variable in clinical trials.
We found TIL infiltration correlated with stromal PDL1 expression in LB2 samples, but neither TIL infiltration nor PDL1 expression was associated with TMB. These results are comparable to the Checkmate 026 trial, in which PDL1 expression was not associated with TMB. 33 However, it is possible that these correlative analyses are limited by technical challenges associated with sequencing a limited number of genes, PDL1 antibody selection, and absence of multiregion tumor sequencing data, because the clonality of a mutation in a tumor specimen is known to influence antigen presentation, T-cell effector function, and migration.
31
There are several important limitations to interpreting data presented in this study. First, many mutations encountered in sequenced samples were C.T transitions with a low VAF that required additional filtering.
34 Although this step did not affect the frequency of known hotspot mutations in cancer-causing genes such as TP53, KRAS, and EGFR (Data Supplement), it is possible that this could have led to the inadvertent exclusion of other relevant but less-established variants. Second, the mean depth of coverage achieved was lower than planned, possibly due to DNA breakage from formalin fixation.
34 Third, the nonavailability of matched normal tissue samples for tumor specimens in our cohort limited the ability to distinguish somatic from germline variants accurately. Fourth, using a targeted gene panel for sequencing precluded us from studying the prognostic or predictive effect of alterations in genes not included in the panel. Despite these challenges, except for the relatively lower frequency of EGFR mutations (7.5%; n = 28) in the LB2 sample set, which likely is explained by the underrepresentation of samples obtained from never-smokers, the frequency of alterations detected in our analysis was comparable with that of TCGA, and our findings are supported by corroborating evidence from other cancers. 29 Finally, nonsynonymous TMB in our study was inferred from a limited gene panel. Although whole-exome or whole-genome sequencing data KRAS  NF1  PDGFRA  ERBB4  EGFR  NTRK3  ROS1  ALK  RET  IGF1R  PDGFRB  SOS1  FLT3  NTRK1  RASA1  MET  ERBB2  NTRK2  ERBB3  KIT  FGFR2  CBL  BRAF  FGFR3  FGFR1  FGFR4  ARAF  RIT1  RAF1  NRAS  RAC1  MAP2K2  MAP2K1  PTPN11  MAPK1 jco.org Table 2 . are likely to provide a more accurate assessment of nonsynonymous TMB, TMB estimated using gene panels has been shown to be representative of TMB inferred from whole-exome sequencing. 35 In addition, we were able to demonstrate good concordance between whole-exome derived TMB and TMB estimated by our custom gene panel, by using TCGA data (R 2 = 0.96; P , .001).
Overall, findings from the current study suggest that high nonsynonymous TMB represents a strong and favorable prognostic factor for outcomes in patients with resected NSCLC and could potentially be used to identify patients less likely to benefit from adjuvant chemotherapy. Studies are warranted to confirm these observations and explore the mechanisms underlying this association. 
